Background: Women with breast cancer and a BRCA mutation have a high risk of developing a contralateral breast cancer. It is generally believed that the two cancers represent independent events. However, the extent of concordance between the first and second tumors with respect to hormone receptor expression and other pathologic features is unknown. Purpose: To determine the degree of concordance of estrogen receptor (ER) status, tumor grade, and histology in tumors from women with bilateral breast cancer and a BRCA mutation. Subjects and Methods: Women with a history of bilateral invasive breast cancers were selected from an international registry of women with BRCA1 or BRCA2 mutations. Medical records were reviewed to document the characteristics of each cancer and the treatments received.
Introduction
Mutations in the genes for hereditary breast and ovarian cancer, BRCA1 and BRCA2, confer a lifetime risk of breast cancer of 56% to 87% (1, 2) . After an initial diagnosis of breast cancer, the risk for a contralateral second primary breast cancer in a BRCA carrier is f3% per year, or 30% at 10 years postdiagnosis (3, 4) . It has been assumed that the second primary breast cancer represents a new event, and is independent of the first breast cancer (5) . We recently observed that the risk of breast cancer in BRCA1 carriers was increased 1.7 times if the contralateral breast was previously affectedthat is, having a diagnosis of breast cancer in one breast increases the chances that the other breast will be affected at a later date. 17 This observation leads us to question the assumption of the independence of the two breast cancers in women who develop bilateral breast cancer. The two breast cancers may not truly be independent in women who develop bilateral breast cancer, but rather associated with common genetic or environmental risk factors, or the existence of a preneoplastic lesion that is common to both tumors.
In the case of nonhereditary bilateral breast cancer, there is often concordance beyond the expected degree in the hormone receptor status of the two cancers (6) (7) (8) (9) (10) (11) . In general, the degree of concordance is greater for tumors that present simultaneously (synchronous breast cancers) than for cancers which present at different times (asynchronous breast cancers; ref. 12) . In a recent study of bilateral breast cancer cases in National Surgical and Adjuvant Breast and Bowel Project trials, the estrogen receptor (ER) status of the initial breast cancer was strongly associated with that of the contralateral breast for patients who did not receive tamoxifen [odds ratio (OR), 14.8; 95% confidence interval (CI), 3.8-74.3], but not for patients who received tamoxifen (OR, 3.4; 95% CI, 0.53-39.2; ref. 11) . The extent of concordance between the first and second primary tumors with respect to hormone receptor expression (or other factors) is currently unknown for women 17 Submitted for publication.
with BRCA mutations. These findings may have implications for our understanding of the origin of hereditary breast cancer, and may be informative for developing intervention strategies.
Materials and Methods
Women with bilateral breast cancer were identified through a registry of BRCA1 and BRCA2 carriers located at the University of Toronto. All carriers have deleterious BRCA mutations (women with unclassified variants are not included). Participating centers were requested to submit data to the study center on the characteristics of these tumors; specifically, on ER status (positive, negative, equivocal, not done), on grade (1, 2, 3, missing) and on histology (ductal, medullary, lobular, other, unknown). Data on stage were not available. These data were collected by review of medical records (clinical notes and/or pathology reports) at the individual centers. There were different clinical standards for determining ER status at different centers; most had been determined by direct measurement in cytosol or by immunohistochemistry. Reports indicating weakly positive staining were classified as equivocal. Pathology reports with a description of well, moderately, or poorly differentiated histology were assigned to grades 1, 2 and 3, respectively. Cancers reported to be of mixed grade were assigned to the higher category. Histologic subtype was determined by the dominant component if there was mixed histology, and classified as ''other'' if designated as adenocarcinoma, not otherwise specified. Cases of ductal carcinoma in situ or lobular carcinoma in situ without an invasive component were excluded. Four women carried mutations in both BRCA1 and BRCA2 and were excluded. Women who had evidence of metastatic disease at, or prior to, the diagnosis of the contralateral breast cancer were also excluded.
A total of 31 centers responded to the request to provide data and reported a total of 517 cases of bilateral cancer; 286 cases (55%), for whom data was available on ER status and/or histologic grade for both tumors, were eligible for the study.
Statistical Analyses. The two tumors were compared for concordance for ER, histology, and grade using m 2 analyses. ORs were estimated for the odds of the second tumor being ER-positive, conditional on the ER status of the first tumor. Women who had ER status assigned as equivocal were excluded from these comparisons. Grade was assigned to three categories. ORs for grade were constructed by comparing those with grade 1 tumors to those with grade 2 or 3 tumors, and by comparing those with grade 1 or 2 tumors with those with grade 3 tumors. Multiple logistic regression was done to determine which variables were predictive of the ER status of the second tumors. SAS 8.2 was used for all analyses.
Results
Data was available for 286 women with a history of bilateral breast cancers (Table 1 ). There were 211 women with BRCA1 mutations and 75 women with BRCA2 mutations. For 45 women, the tumors presented synchronously (within the same calendar year), and for 241 women, the tumors presented in different years (asynchronously). The mean age of diagnosis of the first breast cancer was 38.6 years for BRCA1 carriers and was 43.6 years for BRCA2 carriers (P < 0.0001 for difference). The mean interval between the first and second breast cancers was 5.1 years (range 0-23 years) for BRCA1 carriers and 5.2 years (range 0-18 years) for BRCA2 carriers. Characteristics of the tumors are presented in Table 2 . The majority of the BRCA1-associated tumors were ER-negative (82%), whereas the majority of BRCA2-associated tumors were ER-positive (79%). Among BRCA1 carriers, the proportion of ER-positive cancers increased with age of diagnosis ( Table 3) . No similar trend was present for BRCA2 carriers.
The right and left breast cancers were compared for ER status, for grade, and for histology (Tables 4-6). The expected degree of concordance was calculated by inspection of the twoby-two tables, and the significance of the association was calculated using the m 2 test. The concordance between first and second primary tumors for ER status was much greater than expected for both BRCA1 (OR, 6.4; P < 0.0001) and for BRCA2 (OR, 9.5; P = 0.002; Table 4 ). Following an ER-negative breast cancer, 88% of contralateral breast cancers in BRCA1 carriers were ER-negative. In contrast, following an ER-positive breast cancer, 54% of contralateral cancers in BRCA1 carriers were ER-negative (P < 0.0001 for difference). Following an ERpositive breast cancer in BRCA2 carriers, 83% of contralateral cancers were ER-positive. Following an ER-negative breast cancer, only 33% of contralateral breast cancers in BRCA2 carriers were ER-positive (P = 0.002).
There was also a greater degree of concordance than expected between bilateral cancers for grade (P < 0.0001). For BRCA1 carriers, the OR for the second tumor to be of grade 1, given a first tumor of grade 1, was 31.1 (95% CI, 7.5-129.2); the OR for the second tumor to be of grade 3, given that the first tumor was of grade 3, was 2.8 (95% CI, 1.20-6.58). Among BRCA2 carriers, the corresponding ORs were 30.8 (95% CI, 2.6-369.1) and 1.4 (95% CI, 0.41-4.82), respectively.
The majority of cancers were of ductal histology (83.4% for BRCA1 and 88.6% for BRCA2). Overall, 130 bilateral cancers were concordant for histology, compared with 123.7 expected (P = 0.55; Table 6 ). Among BRCA1 carriers, 10.6% of the breast cancers were of medullary histology; however, among 25 BRCA1 carriers whose first cancer was medullary, only 4 women (16%) had a contralateral cancer that was also medullary.
Among BRCA1 carriers, the extent of concordance for ER status was greater for those diagnosed within the same year (86% of 28 concordant) compared with those diagnosed in different years (79% of 108), but the difference was not statistically significant. Among BRCA2 carriers, all 15 synchronous tumors were concordant for ER status, compared with 73% of 40 asynchronous tumors. The greater extent of concordance for women with a shorter interval between cancers was present for 5 years (Table 7) .
To establish if the effect of concordance of ER status might be attributable to age, or to menopausal status, or to previous hormonal treatment, a regression analysis was done to look for factors which predicted the ER status of the second tumor. Oophorectomy or adjuvant treatment with hormone antagonists (e.g., tamoxifen or aromatase inhibitors) had only a borderline effect on the receptor status of the second tumor. The receptor status of the first tumor was the greatest predictor of the receptor status for the second tumor (OR, 8.7; 95% CI, 3.5-21.5; P < 0.0001) and the effect was not modified by adjustment for age or hormonal factors (Table 8) . Because menopausal status and prior oophorectomy are strongly colinear, only oophorectomy was entered into the initial model. The regression was then repeated, substituting menopausal status for oophorectomy, and the results were essentially the same (data not shown). There was little difference in the extent of concordance for ER status depending on the menopausal status of the woman at time of cancer; among all carriers, there was 85% concordance for ER status among women for whom both tumors were diagnosed prior to menopause, compared with 74% concordance for all others (Table 9 ). Tamoxifen use was not associated with ER status in the contralateral tumor among BRCA1 carriers; the OR for tamoxifen and ER-positivity was 1.44 (95% CI, 0.4-5.4). Among 21 women with BRCA1 mutations who took tamoxifen, 5 (24%) had ER-positive contralateral breast cancers; among 132 women who did not take tamoxifen, 25 (19%) had ER-positive breast cancers. Among BRCA2 carriers who took tamoxifen, the OR was 0.26 (95% CI, 0.04-1.6), suggesting a possible effect for BRCA2 carriers, but the number of subjects in the latter group was small.
Discussion
We observed a strong degree of concordance in both ER status and tumor grade between the right and left breast cancers in women with a BRCA1 or BRCA2 mutation. Our results are similar to those reported for the nonhereditary population.
In the general population, the rate of contralateral breast cancer (about 0.7% per year) seems to be independent of age and is relatively constant for the 20-year period following the first diagnosis (13 . We did not find that tamoxifen use was associated with an increase in the proportion of ER-negative contralateral breast cancers-this suggests that tamoxifen is equally effective in preventing ERpositive and ER-negative breast cancers, and is consistent with our previous observation that tamoxifen prevented contralateral breast cancer in both BRCA1 and BRCA2 carriers (14) . We also observed a greater degree of concordance for cancers that were diagnosed within the same year (or within a few years) than for cancers that were separated more widely in time, although our results did not reach statistical significance and the effect was not present for BRCA2 carriers. In an early study, Kiang et al. reported that 10 of 11 synchronous bilateral breast cancers were concordant for ER status, compared with only two of seven asynchronous tumors (6). Coradini et al. reported on 399 patients with bilateral breast cancer operated on at a single institution over a 20-year period (94 synchronous and 305 asynchronous), noting that the ER levels in the two tumors (treated as a continuous variable) were highly correlated (10). They also reported a greater degree of concordance for synchronous than for asynchronous breast cancers. In our study, there was no clear excess of concordance for tumor histology, but almost all cancers (88%) were ductal. Gogas et al. reported that among 78 bilateral cases, 63% were concordant for histology, but this was not greater than expected (7) . Medullary tumors are more frequent in BRCA1 carriers than in the general population, and represented 11% of the tumors in BRCA1 carriers seen here, but did not tend to be concordant in the two breasts. In the general population, lobular cancers have been associated with a high rate of contralateral cancer, and we might have expected these to be found in excess here, but only 2.6% of the cases were classified as primarily lobular. It is possible that the difficulties associated with assigning histology are greater than for grade or for ER status and that a true underlying relationship was obscured by misclassification. Foulkes et al. have recently shown that the majority of BRCA1-associated breast cancers have a basal epithelium signature and this signature tends to be ER-negative (15) . Using microarrays, Sorlie et al. observed a similar phenotype in BRCA1-associated breast cancers (16) . It will be of interest in future studies to establish if the basal signature tends to be concordant in bilateral tumors.
The reason for the excess concordance in ER and grade in the bilateral cancers is unknown. It is unlikely that these findings are due to chance. It is possible that there has been some degree of misclassification in the assignment of ER status or tumor grade. It was necessary to conduct a multicenter study in order to generate an adequate sample size, and data were missing from 45% of the patients with bilateral cancer. Assays were not standardized across centers and there was no central pathology review. However, the effect of introducing misclassification bias into this study should be to reduce a true underlying effect, rather than to generate a spurious result.
Concordance might be expected if the second tumor was a metastasis of the first. It is not possible to formally rule out this possibility, but there is little evidence that the breast is a common site of metastases in BRCA mutation carriers. Patients who were known to have metastatic disease at, or prior to, the time of diagnosis of the contralateral cancer were excluded. Contralateral incidence is generally independent of the stage of the initial primary (17) . Using somatic p53 mutation analysis, Janschek et al. found that 2 of 11 bilateral breast cancers shared the same p53 mutation (and hence were believed to be metastatic) and 9 of 11 were independent primaries (5).
If there are environmental or endogenous risk factors that determine the ER status of the tumors, then these factors might lead to similar characteristics of the two tumors. However, neither age nor any of the hormonal risk factors studied here were strongly predictive of ER status and none could explain the observed degree of concordance. The effect of initial ER status as a predictor of contralateral ER status was not diminished when age and hormonal factors were included in the model. This is in contrast to the National Surgical and Adjuvant Breast and Bowel Project data in nonhereditary cases showing a reduction in the incidence of ER-positive contralateral breast cancers in patients treated with tamoxifen for an initial ER-positive tumor (11). It is of course possible that other unknown risk factors are operating here; however, any single risk factor would have to have an extremely strong effect on ER status in order to generate results such as these.
Concordance of ER status might also be due to genetic factors, including allelic variation of the BRCA mutation or the presence of a modifier gene locus. Allelic variation might be responsible for some of the phenotypic difference in tumor characteristics, but thus far, it has not been shown that the probability of a breast cancer being ER-positive differs for different mutations in BRCA1 or BRCA2. Hypothetically, there may be an allele of a polymorphic gene other than BRCA1 or BRCA2 that predicts the ER status of the cancer in an individual. To date, such a gene has not been identified in either the hereditary or nonhereditary populations. However, this genetic model is supported by the twin study of Peto and Mack (18) . They found that the breast cancer risk of an affected identical twin was approximately double the risk of a contralateral breast cancer (in the general population). This data fits the model that excess risk of bilateral cancers is due to genetic predisposition, but unfortunately, these authors do not provide data on pathologic markers for the breast cancers in the twins. In utero factors might be important as well. Although twins with BRCA mutations are rare, it is also possible to test for the existence of genetic factors by studying the ER status of breast cancers in other family members. These studies are now under way.
In the non-BRCA population, indices of genomic instability have been studied as possible predisposing factors for bilateral breast cancer. Bucholz and Wu found that women with bilateral breast cancer showed significantly higher levels of radiation-induced chromatid breaks than did healthy controls (19) . Imyanitov and colleagues reported microsatellite instability in 15% of 46 bilateral breast cancers from 23 women (20) .
It is also possible that some characteristic of the breast tissue itself might be a predictor of the ER status of the breast cancer when it arises, e.g., if mammographic breast density predicted the receptor status of the tumor, a high degree of concordance in ER status would be expected, given that breast density tends to be symmetrical. However, mammographic density has not been shown to relate to tumor receptor status. In a study of nonhereditary breast cancer patients Newman et al. (9) found that multicentricity was highly correlated with bilaterality (OR, 12.8; 95% CI, 4.5-37). This observation argues in support of the hypothesis that the host characteristic that predisposes to multifocality is present in both breasts.
Finally, our data are consistent with the hypothesis that both tumors are due to a common precursor lesion, i.e., that the ''field effect'' corresponds to a genetic or epigenetic phenomenon. Candidate lesions might include early loss of heterozygosity or the methylation status of the BRCA gene or other genes in the carcinogenic pathway. This model is unorthodox in that to be bilateral the precursor lesion would have to be inherited, or arise early in embryogenesis, or be the result of spread from a common site. Recent in vitro and in vivo evidence suggests the existence of adult mammary epithelial stem cells in the normal breast (reviewed in Smalley and Ashworth, ref. 21) , and that these cells might be responsible for the massive expansion in the breast during pregnancy as well as the cell of origin of most breast tumors. Excess concordance for ER status could arise if stem cells with a second (acquired) mutation populate both breasts. Taken collectively with the findings of our study, there is support for the concept of a common precursor cell and prompts consideration of the possible function of BRCA1 in breast stem cells and normal and abnormal development. Imyanitov and colleagues compared molecular profiles in 28 bilateral breast cancers (22) . For 27 tumors, molecular analyses excluded metastatic disease. Bilateral tumors were more likely to be similar for the allelic imbalance marker profiles if they were synchronous or if both presented premenopausally.
None of the models described here adequately explains why synchronous tumors are more likely to be concordant than asynchronous tumors. Our data compels us to conclude that a significant proportion of bilateral cancers are due to a common effect, although for some proportion of women, the cancers (in particular, asynchronous tumors) undoubtedly are independent events. These findings have additional implications for early processes in cancer. If cancers or their precursor lesions were to switch from ER-positive to ER-negative early in carcinogenesis, then little correlation in receptor status for large tumors would be observed. Our findings suggest that ER status and grade are inherent features of the tumors and are to some extent predetermined (by as yet unknown factors). If cancers or their precursor lesions were to switch from ERpositive to ER-negative early in carcinogenesis, then we would not expect to see concordance of ER status to the extent observed here. Our findings favor a contrasting model in which ER status and grade are invariant throughout the evolution of the cancer.
